In vitro studies have demonstrated that prolonged N-methyl-D-aspartate receptor (NMDAR) blockade triggers a homeostatic up-regulation of NMDARs at synapses. Such upregulation can also be seen within 30 min in vivo in adult rats, implicating trafficking of reserve pools of NMDARs. Here, we evaluated the involvement of filamentous actin (F-actin), the major cytoskeletal component in spines, in this rapid in vivo homeostatic response, using biotinylated phalloidin as its probe. We also immunolabeled spines for drebrin A, an F-actin-binding protein found at excitatory synapses and with a proposed role of modulating F-actin's cross-linking with one another and interactions with NMDARs. Quantitative 2-D analysis of ultrastructural images revealed that NMDAR blockade increased filamentous actin labeling per spine by 62.5% (P<0.005). The proportion of dendritic spines immuno-labeled for drebrin A also increased significantly, from 67.5% to 85% following NMDAR blockade (P<0.001), especially among larger spines. The frequency distributions of spine widths and postsynaptic density lengths were not affected by the D-(+)-2-amino-5-phosphono-pentanoic acid (D-APV) treatment. However, the average postsynaptic density length was reduced by 25 nm among the fewer, drebrin A immuno-negative spines, indicating that drebrin A confers stability to synapse size. We propose that, in a homeostatic in vivo response, increases of drebrin A and F-actin within spines can enhance NMDAR trafficking by reducing cytoskeletal rigidity within the spine cytoplasm without changing the overt morphology of axo-spinous synapses. Alternatively or in addition, the cytoskeletal redistribution within spine cytoplasm may be triggered by the D-APV-induced, homeostatic up-regulation of NMDAR.
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors. However, the involvement of cytoskeleton in activity-dependent trafficking of N-methyl-D-aspartate subtype of glutamate receptors (NMDARs) is not as well understood. Previous in vitro studies showing that NMDARs increase within dendritic spines in response to long-term NMDAR blockade Turrigiano, 1999; Barria and Malinow, 2002; Carpenter-Hyland et al., 2004) . Our laboratory has shown that a 30-minute in vivo application of an NMDAR antagonist, D-(+)-2-amino-5-phosphonopentanoic acid (D-APV), also produces a significant increase in the number of pre-and post-synaptic NR2A subunits and a concurrent decrease of synaptic NR2B subunits Fujisawa and Aoki, 2003) . This rapid, homeostatic regulation of NMDAR may be achieved by trafficking of receptors along cytoskeletal tracts that connect the postsynaptic density (PSD) to the cytoplasm of spine heads and dendritic shafts. The current study examined D-APV-induced changes in the amount of two major cytoskeletal proteins within spines, namely, F-actin and the F-actin-binding protein, drebrin A.
F-actin functions as part of the PSD anchor for synaptic proteins, including NMDARs and drebrin. The disruption of F-actin drastically alters the localization of these molecules within spines (Adam and Matus, 1996; Allison et al., 1998 Allison et al., , 2000 , indicating that F-actin is also involved in intra-spine trafficking and endo/exocytosis of receptors (Kaech et al., 2001; Zhou et al., 2001; Qualmann et al., 2004) . Reorganization of actin cytoskeleton is, in turn, initiated by changes in synaptic activity (van Rossum and Hanisch, 1999) . Influx of extracellular Ca 2+ via activation of NMDARs causes stabilization of F-actin (Star et al., 2002) and spine morphology (Ackermann and Matus, 2003; Brunig et al., 2004) . Strong stimulation of NMDARs, however, induces massive depolymerization of F-actin and eventual collapse of dendritic spines (Rosenmund and Westbrook, 1993; Halpain et al., 1998) . We surmised that F-actin within spines might be increased by the 30-min NMDAR blockade, and this promotes the intra-spinous trafficking of NMDARs.
We also hypothesized that receptor trafficking might be facilitated by the dissociation of NMDARs from the cytoskeletal anchors. α-Actinin-2 is known to anchor NMDARs onto actin cytoskeleton (Wyszynski et al., 1997; Dunah et al., 2000) . An increase of another F-actinbinding protein, drebrin A, would competitively displace α-actinin-2 from F-actin, thus freeing receptors from cytoskeletal anchors and allowing them to relocate (review by Shirao and Sekino, 2001 ). Thus, we predicted that NMDAR blockade would increase intra-spinous levels of drebrin A and this event facilitates NMDAR trafficking within spines. Here, we report that our findings concur with these predictions about drebrin A and F-actin.
EXPERIMENTAL PROCEDURES

In vivo blockade of NMDARs in the cerebral cortex
We used tissues from brains of four animals prepared in our previous NMDAR-blockade experiments and prepared brains from four additional animals, using an alternative fixative (described below). In vivo application of NMDAR antagonist was as described previously Fujisawa and Aoki, 2003) . Briefly, adult male Sprague-Dawley rats were anesthetized with 50 mg/kg of Nembutal. After stabilizing their heads in a stereotaxic apparatus, bilateral craniotomy and durotomy was performed over the medial parietal cortex. A small piece of Gelfoam (approximately 5 mm 2 ) soaked in 5 mM D-APV (Sigma, St. Louis, MO, USA) was placed above the durotomy site (~2 mm in length) in one hemisphere. The contralateral hemisphere received an equalsized piece of Gelfoam soaked in an equal concentration of the inactive enantiomer, L-(+)-2-amino-5-phosphonopentanoic acid (L-APV) (Sigma). Both drugs were dissolved in artificial cerebrospinal fluid (115 mM NaCl, 3.3 mM KCl, 1 mM MgSO 4 , 2 mM CaCl 2 , 25.5 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 5 mM lactic acid, and 25 mM glucose). The drug application lasted for 30 min. All surgical procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Experimental Animals and were approved by the NYU Animal Care and Use Committee. Care was taken to minimize the number of animals used and their suffering.
Tissue processing for ultrastructural analysis
At the end of drug application, the animals were perfused transcardially, first for 30 s with saline containing 300 USP units/ml of heparin (Henry Shine, NY, USA), followed immediately with the aldehydes. The perfusate was either 4% paraformaldehyde (EMS, Hatfield, PA, USA), mixed with 1% glutaraldehyde (EMS; therein called "glutaraldehyde-fixed") and dissolved in 0.1 M phosphate buffer (PB) Fujisawa and Aoki, 2003) , or 4% paraformaldehyde alone (therein called "paraformaldehyde-fixed"). The brain was dissected out of the skull, and cut into 40 µm-thick sections using a vibratome. This procedure yielded approximately 20 vibratome sections that contained the cortical neuropil residing directly under the drug-soaked Gelfoam. All of these vibratome sections were stored, free-floating, in 0.01 M PB with 0.9% sodium chloride (phosphate buffer saline, PBS) and 0.05% sodium azide, at 4 °C.
Ultrastructural localization of F-actin and drebrin A for electron microscopy (EM)
F-actin was detected by its binding to biotinylated phalloidin (Molecular Probes, Eugene, OR, USA), while drebrin A was detected immunocytochemically using a well-characterized antibody . First, the sections were freeze-thawed (see Aoki et al., 2003) in order to enhance penetration of histological reagents, then incubated in 1% hydrogen peroxide in PBS for 30 min and washed in PBS in order to minimize background labeling. Subsequently, the sections were incubated in 1% bovine-serum albumin in PBS (PBS-BSA) for 30 min in order to block non-specific binding of phalloidin or of the anti-drebrin A antibody.
We detected F-actin using silver-intensified gold (SIG) as the label. This label is non-diffusible and discrete, thus amenable to quantification and precise localization within single spines . The sections were incubated in biotinylated phalloidin (Molecular Probes), diluted 1:20 in PBS-BSA with 0.05% sodium azide for 3 days at room temperature. After washes in PBS, tissues labeled with phalloidin were further incubated in a 1:100 dilution of 0.8 nm gold-conjugated goat anti-biotin antibody (EMS) for 3 h. Following post-fixation with 1% glutaraldehyde, the colloidal gold particles were intensified with silver (SIG), using the IntensEM Kit (Amersham, Arlington Heights, IL, USA). This procedure enlarges the gold particles to sizes detectable under the EM. Tissues labeled with phalloidin underwent osmiumfree tissue processing to minimize loss of SIG labels (see Phend et al., 1995; Aoki et al., 2003) .
The vibratome sections allotted for drebrin A immuno-labeling were processed for HRPdiaminobenzidine (DAB)-based labeling. HPR-DAB-based labels are diffusible and enzymatically amplified, thereby allowing for better detection of antigens. This label was chosen over SIG, because we wanted to optimize detection of the protein within spines, more than the precise localization or quantification within single spines. The tissues were incubated in PBS-BSA-azide solution containing a 1:1000 dilution of the anti-drebrin A antibody for 3 days at room temperature. After washes in PBS, these sections were incubated in a 1:200 dilution of secondary antibody, biotinylated goat anti-rabbit IgG (Vector, Burlingame, CA, USA) for 30 min, followed by PBS washes. Tissues were then incubated in the avidin-biotin complex solution (Elite Kit, Vector) for 30 min. Bound antibodies were visualized by the peroxidase reaction, using 0.3% 3,3′-DAB HCl in PBS with 0.01% hydrogen peroxide as a substrate. After washing in PBS, drebrin A-labeled tissues were fixed using 1% osmium tetroxide for 1 h.
Cytochemical control sections for both F-actin and drebrin labeling underwent the same procedures in parallel, except that they were incubated in PBS-BSA-azide without phalloidin or the drebrin A antibody.
The phalloidin-and drebrin A-labeled sections were dehydrated through incubations in ethanol and acetone, and then embedded in EMBed 812 (EMS). Drug-treated areas of the brain were determined by slight indentations of the cortex that resulted from craniotomy. Small areas of cortex (~1 mm in diameter) from the region immediately below the craniotomy were embedded in Beem capsules (2 vibratome sections from each animal). Previous studies showed that the D-APV-induced NMDAR redistribution was restricted to a 2 mm diameter of surface area immediately below the craniotomy , and a depth extending down to layer 2 . The quantitative EM analysis in the current study was restricted to this zone showing the NMDAR trafficking. Each capsule was coded so that the experimental condition of each vibratome section would be unknown to the experimenter until the data analysis stage.
EM
Labeled tissues were cut into approximately 80 nm-thick sections using an ultramicrotome before examination under the EM (JEOL 1200XL, Japan). Conventional EM negatives or a digital camera (Hamamatsu CCD Camera, Japan; AMT, Danvers, MA, USA) were used to capture EM images from at least two grids per capsule. These images were taken in a systematically random order for unbiased sampling, and in close proximity (within 5 µm) to the tissue-Epon interface, where labeling was most intense. At least two grids from each hemisphere from each animal were examined under the EM. For every animal, 40~80 pictures were taken for each experimental condition at 20,000~30,000× magnification. During the process of picture taking and the subsequent data collection, the experimenter had no knowledge of the treatment condition of the tissues being examined.
Data sampling: DAB and SIG labeling
We tallied the synapses in the electron micrographs in the order encountered. Asymmetric synapses were identified by the juxta-position of two plasma membranes, with the presynaptic terminals containing synaptic vesicles, and the opposing profiles containing electron-dense PSDs.
Control tissues received no exposure to biotinylated phalloidin, but were incubated in a solution containing gold-conjugated anti-biotin antibodies. These displayed an extremely low level of non-specific, background labeling. Only one or two particles were observed within 20 µm 2 of the tissue captured by any single digital picture, and none of them fell on top of a synapse. Therefore, in F-actin-labeled tissues, a synapse was categorized as "labeled" if it contained even a single SIG particle within either the pre-or postsynaptic profile. In labeled synapses, the number of SIG particles within the pre-and postsynaptic profiles was recorded.
For drebrin-labeled tissues, synapses were categorized into one of three tiers, according to the intensity of the DAB reaction product. If the labeling filled the entire profile and was of strong intensity, the profile was categorized as "intensely labeled." If the labeling was discretely concentrated to a small area within the profile, or if it was of lighter intensity, the profile was categorized as "lightly labeled." Synapses with no detectable peroxidase reaction product were categorized as "not labeled."
Data sampling: spine widths and PSD lengths
In order to determine whether the 30-min D-APV blockade of NMDARs causes a change in the size of spines and synapses, we undertook a quantitative morphometric analysis. The ultra-thin sections used for these measurements were the same ones that had undergone immunolabeling for drebrin A. All of the tissue used for morphological analysis had undergone drebrin Aimmunocytochemistry, followed by osmium tetroxide fixation. This set of tissue was chosen, because osmium post-fixation minimized tissue shrinkage. A minimum of two grids were used from each of the seven D-APV and the seven L-APV-treated hemispheres. As stated previously, these were derived from a systematically random selection of vibratome sections.
For measurements of spine widths and PSD lengths, we identified axo-spinous synapse profiles by the presence of PSDs, the spine apparatus and by the lack of mitochondria and microtubules in the postsynaptic profile. While we understand that there are large dendritic protrusions containing mitochondria and microtubules (Li et al., 2004) , we excluded postsynaptic structures with these organelles, so that we could be sure to exclude dendritic shafts, many of which would be GABAergic and only sparsely spiny (White, 1989) . Thus, by excluding the potentially GABAergic postsynaptic profiles from the sample, we were able to focus our analysis to excitatory synapses formed upon glutamatergic neurons (i.e. glutamate-toglutamate connections). Synapses for which only a part of the spine was visible in the micrograph were also excluded from this analysis.
For each analyzable postsynaptic spine encountered within a single plane of section, we measured a drawn line that coursed parallel to the PSD at the widest point of the spine. The distance from one to the other end of the PSD darkening was measured using an Accutracker pen (Precision Technology Devices, IL, USA), taking care to follow the PSD's curvature. The lengths of these lines in nanometers were calculated according to the magnification of the micrographs taken.
Unlike a 3-D morphometric analysis, such as the disector method, the 2-D analysis introduces two forms of bias: greater sampling of larger spines than of smaller ones, and inability to verify that spine widths are being measured at their widest points (Mouton, 2002) . Indeed, a limited 3-D analysis of a dozen randomly encountered spines indicated that spine width measurements differed by about 20% compared with the outcome from 2-D analysis (data not shown). However, our aim was not to determine the absolute values of spine diameters or PSD lengths, but to determine whether the D-APV treatment caused a population shift in the size of synapses and spines, relative to the values observed within the L-APV-treated hemispheres. Moreover, we wished to use the same sample for analyzing whether the D-APV treatment had different effects upon drebrin A-immunoreactive versus drebrin A-negative spines. Since immunoreactivity is strongly influenced by the depth from the vibratome surface, we opted to sample widely and more efficiently using single-plane sections at portions that captured the resin-vibratome interfaces, rather than to perform 3-D reconstructions. Care was taken to use matched final magnifications to view and capture images from the D-and L-APV tissues.
Data analysis
In order to determine whether the proportion of F-actin-or drebrin-labeled synapses was different between the L-APV-and D-APV-treated tissues, we calculated the percentage of labeled synapses for every 20 synapses encountered. Student's t-test was used to determine the significance of differences between mean percentages of L-vs. D-APV tissues. Additionally, we also performed a Freeman-Tukey transformation method (Freeman and Tukey, 1950) of converting binomial data set into normal distributions. The results of this statistical test were similar to the t-test and thus are not shown.
When analyzing the differences in the number of F-actin-labeled SIG particles within single synapses, we grouped animals according to the aldehyde used for brain fixation. The two groups were 4% paraformaldehyde alone (will be referred to as the "paraformaldehyde-fixed tissue") and 4% paraformaldehyde plus 1% glutaraldehyde ("glutaraldehyde-fixed tissue").
The frequency distributions of average SIG particles per synapse were skewed heavily to the right regardless of the fixative used. Therefore, instead of using a parametric test to compare data from L-vs. D-APV tissues, we performed the non-parametric, Mann-Whitney U test. The group statistics were calculated by averaging the percent-changes from the L-APV data for each animal. The significance of the differences in percent-changes was tested using single-sample t-test, since the distributions were normal (data not shown).
The frequency distributions of spine widths and PSD lengths were normal, and therefore these sets of data from L-APV tissues and D-APV tissues were statistically compared using the Student's t-test.
Multiple linear regressions were performed to determine the degree of correlation between spine widths and PSD lengths.
RESULTS
NMDAR blockade induces an increase in the proportion of synapses labeled for F-actin using phalloidin
The cortical surfaces of adult rats were treated with a competitive NMDAR antagonist, D-APV, over one hemisphere and with its inactive enantiomer, L-APV, on the contralateral hemisphere for 30 min. Aldehyde-fixed brain tissues from these animals were labeled for F-actin, using biotinylated phalloidin. Phalloidin was visualized with SIG particles, and their presence at drug-infused synapses in layer I of the cortex was determined by EM. Fig. 1B and C show examples of L-and D-APV-infused areas respectively, taken from one of four paraformaldehyde-fixed animals. Tissues from glutaraldehyde-fixed animals (n=3) exhibited relatively less labeling. In both types of tissues, SIG particles were observed in dendritic spines and axon terminals, as well as in dendritic shafts.
Since no synapse exhibited background SIG particles when phalloidin was omitted from the incubation cocktail (Fig. 1A) , we were able to categorize a synapse as "labeled" (black arrowheads in Fig. 1 ), even if it contained only one SIG particle within its pre-or postsynaptic profile. When we calculated the average percentage of labeled synapses for every 20 synapses encountered in the L-APV-treated hemisphere, the paraformaldehyde-fixed tissues contained more synapses labeled with phalloidin (40.3±1.8% S.E.M.) than the glutaraldehyde-fixed tissues (24.5±2.1% S.E.M.; Fig. 2 ). Presumably, this difference in labeling reflects differences in accessibility of the phalloidin binding site brought about by the different fixation conditions. In both glutaraldehyde-(t=4.78, df=63, P<0.001) and paraformaldehyde-fixed tissues (t=3.64, df=91, P<0.001), the proportion of F-actin-labeled synapses in the D-APV-treated area was increased significantly, compared with the L-APV-treated area, using Student's t-test (Fig. 2) . This indicated that more synapses reached threshold level for F-actin detection, following the D-APV application.
NMDAR blockade induces an increase in the average number of F-actin labels within single synapses
We suspected that an increase in the number of synapses with detectable levels of F-actin reflects an increase in the amount of spinous F-actin within single synaptic profiles. Since SIG particles are quantifiable, we calculated the average number of SIG particles found within the following ultrastructural domains: within the presynaptic axon terminal, within the postsynaptic dendritic shaft or spine, and combined across both domains ("all"; Fig. 3 ). For each category, the average number of SIG particles per synapse was compared between the L-and D-APV-treated areas.
In glutaraldehyde-fixed brain tissues (Fig. 3A) , SIG particles were less numerous in the presynaptic domain than in the postsynaptic domain. Comparisons across the drug treatments revealed a 63.3% greater density of SIG particles in the "all" category of the D-APV condition, relative to the L-APV condition (z=5.15, df=1348, P<0.001, Mann-Whitney U test). The D-APV condition exhibited an increase of SIG particles in the "presynaptic" (z=2.16, df=1348, P<0.05) and "postsynaptic" (z=3.98, df=1348, P<0.001) micro-domains of synapses as well.
As seen in the glutaraldehyde-fixed tissue, the para-formaldehyde-fixed tissue (Fig. 3B ) also exhibited less SIG particles in the presynaptic domain. Comparisons across the drug-treatment conditions revealed that SIG particles were significantly greater within postsynaptic profiles of the D-APV condition (z=4.51, df=1987, P<0.001), but not significantly different within presynaptic terminals (z=0.49, df=1987, P>0.05). In the combined "all" category, a significant increase by 43.1% followed the D-APV application (z=4. 25, df=1987, P<0.001) .
In order to analyze the overall trend across both fixative groups, the data from all animals (n=7) were combined by taking an average of percent-changes induced by the D-APV treatment, relative to the L-APV data, from each animal (Fig. 3C) . Using single-sample t-test, we found a significant increase of SIG counts in the "postsynaptic" category (66.3%; t=4.8, df=6, P<0.005 ) and the "all" category (62.5%; t=4.98, df=6, P<0.005) . Presynaptic counts also increased by the drug treatment, but the changes were too variable to be statistically significant (t=2.19, df=6, P>0.05) . The data suggest that NMDAR blockade induces a greater, more consistent increase of F-actin labels within postsynaptic profiles compared with presynaptic terminals.
NMDAR blockade increased the proportion of drebrin A-immunoreactive spines
We next evaluated whether the D-APV-induced increase of F-actin was accompanied by changes in drebrin A, an adult isoform of an F-actin-binding protein. In four glutaraldehydefixed animals, we immuno-labeled drebrin A with an isoform-specific antibody and visualized it with an immuno-peroxidase reaction product ( Fig. 4B and C) . There was not a single synapse whose presynaptic terminal was labeled for drebrin A but the majority of postsynaptic spines were immunolabeled. The average percentage of synapses lacking any immuno-labeling (white arrowheads in Fig. 4A and B) for every 20 synapses encountered was 32.5% in the L-APVtreated tissues and 15.0% in the D-APV-treated tissues. This decrease following D-APV treatment was statistically significant by the Student's t-test ( Fig. 4D; t=6 .00, df=100, P<0.001).
The peroxidase immuno-reaction product was categorized to be "intensely labeled" or "lightly labeled" depending on the extent and intensity of labeling within spines. Fig. 4 shows examples of intensely-labeled spines where the entire profile is filled with dark reaction product ( Fig.  4B and C, black arrowheads) . A lightly-labeled profile was so categorized when the reaction product was either only partially filled or was less intense (Fig. 4B and C, black arrows) . Since the intensely-and lightly-labeled spines occurred within close proximity of one another, it is unlikely that this heterogeneity in the intensity of labeling resulted from varied degrees of penetration of immuno-reagents. Rather, this heterogeneity is more likely to reflect varied amounts of drebrin A within spines, or differences in drebrin A's conformation that allow more antigenic sites to be available for antibody binding.
The proportion of intensely-labeled synapses was determined for every group of 20 randomly encountered synapses. Analysis of these groups revealed a significant increase in the proportion of intensely-labeled synapses following D-APV application (t=4.79, df=100, P<0.001; Fig. 4D ). On the other hand, the proportion of lightly-labeled synapses did not change (t=0.79, df=100, P>0.05), suggesting that D-APV-induced increase in the number of drebrin A-immuno-positive synapses was due almost entirely to an increase of the intensely-labeled synapses.
NMDAR blockade does not induce morphological changes
Following an LTP-inducing protocol, an increase of F-actin within dendritic spines is accompanied by an increase in the volume of those spines (Matsuzaki et al., 2004) . Although our pharmacological treatment was not an LTP-inducing paradigm, we also observed an increase of F-actin within spines. Thus, we sought to determine whether D-APV induced changes in the apparent size of dendritic spine profiles and PSD profiles. 2-D analysis was chosen over 3-D analysis, so as to maximize the sample size within the zone that was both D-APV-treated and immunolabeled. (Further discussion of the rationale for this approach appears under "Experimental Procedures.") Altogether we measured 1619 spine profiles. In L-APV-treated tissue, the average spine width (drebrin A-labeled and unlabeled, combined) was 538.5 nm (±7.6 nm S.E.M.) and ranged from 58.8 nm to 1323.5 nm. The mean spine width in the D-APV tissue was 551.8 nm (±7.4 nm S.E.M.) and ranged from 58.8 nm to 1323.5 nm (Fig. 5B ). Student's t-test revealed that there is no significant difference in the spine-width distribution between the L-APV and the D-APV tissues (t=1.24, df=1617, P>0.05).
Analysis of PSD lengths from the same sample of spines showed that D-APV application did not induce any change in this parameter either (t=0.87, df=1617, P>0.05). The average PSD length in the L-APV tissue was 345.3 nm (±5.0 nm S.E.M.), ranging from 88.2 nm to 941.2 nm. In the D-APV tissue, PSD lengths had the same range of distribution, and the average length was 351.4 nm (±4.9 nm S.E.M.) (Fig. 5C ).
Correlation between spine widths and PSD lengths was significant in the L-APV tissues (r 2 =0.589, P<0.001), as tested by multiple regression analysis. As expected, the correlation between these two values remained significant in the D-APV tissues (r 2 =0.567, P<0.001).
Spines containing drebrin A-immunoreactivity are larger and the larger spines are more likely to gain drebrin A-immunoreactivity following the NMDAR blockade
Although the average size of synapses remained the same, a possibility remained that a size change occurred within the subpopulation distinguishable by drebrin A-immunoreactivity.
We first noted that, in L-APV tissues, drebrin A immuno-positive spines were larger (567.4 ±9.9 nm S.E.M.) and had longer PSDs (371.7±6.2 nm S.E.M.) than those lacking drebrin A immunoreactivity (490.7±11.4 nm S.E.M. for spine widths; 301.4±7.1 nm S.E.M. for PSD lengths). These differences were significant, as tested by the Student's t-test (t=4.93, df=785, P<0.001 for spine widths; t=6.99, df=785, P<0.001 for PSD lengths). Similarly significant differences were found in spine widths and PSD lengths in the D-APV tissues (t=5.13, df=830, P<0.001 for spine widths; t=7.04, df=830, P<0.001 for PSD lengths).
NMDAR blockade induced a small reduction in the average spine width of drebrin A-negative synapses (25.2 nm reduction), compared with those in L-APV tissues, but this difference did not reach statistical significance (t=−1.27, df=427, P>0.05). The drug application also reduced the average PSD length of drebrin A-negative synapses by 27.4 nm, and this change reached statistical significance (t=−2.23, df=427, P<0.05). The PSD lengths of drebrin A-positive spines decreased following D-APV treatment, but to a smaller extent (by 5.6 nm). Widths of these drebrin A-immunoreactive spines were unaffected by the NMDAR blockade, increasing only by 0.8 nm. These results suggested that the drebrin A-positive spines are resistant to the D-APV-induced decrease of spine and PSD sizes.
Seeing that the D-APV treatment induced no significant overall changes in spine widths or PSD lengths, but did cause an increase in the proportion of spines with drebrin A-immunoreactivity, we then asked whether drebrin A-immunoreactivity increased similarly across spines of different sizes. To address this question, we categorized spines into two: those with diameter greater than 700 nm and those with diameter less than 700 nm. A comparison across the two size groups revealed that larger spines were more likely to contain drebrin A, as seen within the L-APV tissue (t=4.23, df=38, P<0.001). D-APV-induced increase of drebrin Aimmunoreactivity was greater among the larger spines (by 61.1%) than the smaller spines (by 54.5%). Altogether, these observations indicated that larger spines are more likely to be drebrin A-immunoreactive and are also more likely to gain drebrin A-immunoreactivity following NMDAR blockade.
DISCUSSION
Previously, our laboratory showed that 30-minutes of in vivo NMDAR blockade causes trafficking of the NR2A subunits of NMDARs into the synaptic area and of the NR2Bs away from synapses Fujisawa and Aoki, 2003) . In the present study, we have demonstrated that the same manipulation also causes changes in the distribution of cytoskeletal proteins, especially within the larger spines, without causing overt changes in the size of spines or PSDs.
NMDAR blockade alters cytoskeletal distribution: postsynaptic impact
We have shown that both the number of synapses labeled with phalloidin and the density of labeling within single synaptic profiles significantly increased following NMDAR blockade ( Fig. 2 and Fig 3) . How might the increased F-actin level contribute to the homeostatic upregulation of NMDARs? Compared with AMPA receptors, relatively little is known about the trafficking of NMDAR within spines (Wu et al., 2002; Schulz et al., 2004; Wierenga et al., 2005) . F-actin allows vesicles to traffic via myosin motor proteins (Baker and Titus, 1998; Wu et al., 2002) and these myosin motor proteins have been localized to spines (Morales and Fifkova, 1989; Walikonis et al., 2000) . Although NMDARs have not been identified as cargoes, Naisbitt et al. (2000) have shown that PSD-95, a scaffolding protein often associated with NMDARs, is trafficked along F-actin via myosin-V. For trafficking up to the spine but not within spines, Hirokawa's group has identified KIF-17-containing motor protein complexes that carry NR2B subunits along microtubules in the dendrites (Setou et al., 2000; Guillaud et al., 2003) . Taken together, the increased F-actin observed within D-APV-blocked spines may facilitate the movement of NMDAR-containing vesicles within spines relatively more than in dendritic shafts.
NMDAR blockade alters cytoskeletal distribution: presynaptic impact
We have demonstrated here that D-APV induces an increase of F-actin within terminals, albeit to a lesser degree than within spines. Perhaps the lack of postsynaptic NMDAR activity is reported back to the presynaptic terminal via retrograde signaling, and the presynaptic terminal increases F-actin in order to maintain homeostasis. How might axonal F-actin be involved in the maintenance of homeostasis? F-actin's role within axon terminals remains unclear (Doussau and Augustine, 2000; Halpain, 2003) . Some studies suggest that neurotransmitter vesicles are trafficked along actin filaments via myosin (Evans et al., 1998) . F-actin may also be involved in vesicle recycling (Shupliakov et al., 2002) , scaffolding of vesicles (Sankaranarayanan et al., 2003) and/or vesicular release (Cole et al., 2000) . Increased levels of F-actin in the terminals may enhance these vesicular functions and, together, increase neurotransmitter release as a response to NMDAR blockade.
Increased F-actin in terminals may also facilitate the trafficking of presynaptic NMDARs. NMDARs are present in the axon terminals as autoreceptors (Woodhall et al., 2001; Sjostrom et al., 2003) , and we have seen changes in the distribution of these receptors within axons following D-APV applications Fujisawa and Aoki, 2003) .
NMDAR blockade may create a plastic cytoskeletal environment via drebrin A
Drebrin A is the adult form of an F-actin-binding protein that is found exclusively in postsynaptic compartments of excitatory synapses (Fig. 4B and C, also see Aoki et al., 2005) . In this study, we have shown that 30 min of NMDAR blockade causes a significant increase in the proportion of synapses immuno-labeled for drebrin A (Fig. 4D) . This increase is likely to reflect the influx of drebrin A from dendritic shafts. De novo synthesis of drebrin A is less likely, since the D-APV treatment was brief. It is possible that conformational changes have also taken place, yielding enhanced immunoreactivity of the protein.
What does the observed increase of drebrin A immunolabeling signify? Firstly, drebrin A competes with α-actinin-2 for actin-binding. α-Actinin-2 is another dynamic PSD protein with binding sites for both F-actin and NMDARs (Wyszynski et al., 1997; Dunah et al., 2000) . If α-actinin-2 anchors synaptic NMDARs onto the actin cytoskeleton, and if the observed increase of drebrin A (due to increased protein level or possibly also due to conformational changes) leads to greater displacement α-actinin-2 from the actin cytoskeleton, this disruption may free NMDARs to be trafficked into or out of the synaptic zone (review by Shirao and Sekino, 2001 ).
Besides linking NMDARs to the cytoskeleton, α-actinin-2 also has an actin cross-linking activity (Dunah et al., 2000; Gimona et al., 2002) . With drebrin preventing α-actinin-2 from bundling the actin filaments (Ishikawa et al., 1994) , the actin cytoskeleton may be more mobile and plastic, thereby allowing for increased trafficking of NMDARs within spines.
Drebrin also competes with tropomyosin for actin-binding (Ishikawa et al., 1994) . Tropomyosin, when bound to actin, protects actin filaments from actin-destabilizing agents. Since increased drebrin A levels should reduce the number of tropomyosin-actin complex, we suggest that actin cytoskeleton in D-APV-treated spines could be more susceptible to severing. Perhaps this is a necessary condition to allow filaments to break free of a rigid organization and then enhance motility of NMDARs within spines.
An increase of drebrin is associated with various types of plasticity. For example, increased levels of drebrin are observed in the stimulated layers of the hippocampus after in vivo LTP induction (Fukazawa et al., 2003) . Conversely, cultured hippocampal neurons with decreased levels of drebrin A expression fail to exhibit the D-APV-induced elevation of NMDARs within spines . Drebrin A is also known to be highly expressed in spines that are just maturing (Takahashi et al., 2003; Aoki et al., 2005) . In contrast, drebrin is found in low amounts in brains of Alzheimer's or Down syndrome patients (Harigaya et al., 1996; Hatanpaa et al., 1999; Shim and Lubec, 2002) . Our present finding leads us to believe that there is a yet unknown cascade within spines that forms a tight link between cytoskeletal changes via drebrin A and synaptic strength modifications.
NMDAR blockade does not trigger enlargement of spines, but larger spines exhibit greater cytoplasmic plasticity
Since increases in F-actin labeling and over-expression of drebrin A are both known to promote morphological plasticity in spines (Hayashi and Shirao, 1999; Takahashi et al., 2003; Matsuzaki et al., 2004; Mizui et al., 2005) , we predicted that the size of spines may change following D-APV application. However, this was not the case. When spine widths and PSD lengths were measured from micrographs, we observed that, despite the apparent increases in cytoskeletal proteins, D-APV application did not induce morphological changes in spines. If anything, the D-APV treatment caused a slight decrease of PSD lengths. This size reduction was measurable only among the population of spines lacking drebrin A. Since the D-APV treatment increased the population of drebrin A-immunoreactive spines, drebrin A may have conferred morphological stability upon an increasing sub-population of spines. These PSDlength reductions among the drebrin A-negative spines did not result in a significant shift in the overall size of spines and PSDs, presumably because the drebrin A-negative spines are much fewer in number. A separate study from our laboratory supports the idea that drebrin A may have a stabilizing influence upon spines . Together, these findings indicate that drebrin A may stabilize overt morphology, such as the size of spines and PSDs, while also redirecting the intracellular organization of F-actin toward a state favoring trafficking of synaptic proteins, such as the NR2A and NR2B subunits of NMDARs.
There are a number of explanations for why overt morphological changes did not accompany increases in cytoskeletal proteins in this study. One possibility is the one we alluded to earlier, namely that the increases in the cytological detection of the proteins may have been caused by conformational changes, with or without changes in the overall levels of F-actin or of drebrin A. One approach that is tailored more toward measuring protein levels is Western blot analyses. However, studies comparing Western blot data with EM immunocytochemical analyses of spine proteins indicate that neither is a good predictor of the other (Harigaya et al., 1996; Rodrigues et al., 2004; Mahadomrongkul et al., 2005) . Such differences in outcomes might be expected, since Western blot analyses cannot exclude proteins residing at subcellular domains outside of spines, while EM-ICC cannot distinguish altered levels of protein detection derived from conformational changes versus protein level changes.
Another explanation for the lack of apparent changes in spine widths is that 2-D analyses fail to detect changes in spine shapes. However, this explanation seems unlikely, because we could already detect small changes (25 nm, 7.5% change) in PSD lengths within a sample size of 429, or roughly one-quarter of the sample size of all spines encountered. This sample size was likely to have been large enough to minimize the variance of the data (Umbriaco et al., 1994) and detect changes, if there were any.
It is possible that the amount of increases in cytoskeletal proteins triggered by NMDAR blockade is much less than those evoked by LTP-inducing protocols. What we have shown is that changes in the intracellular environment of spines may be separable from the overt changes in spine shape or size.
Molecular steps leading to cytoskeletal reorganization must be explored
Other studies have also shown that prolonged changes in NMDAR activity lead to cytoskeletal reorganization. Matus's group has shown that influx of Ca 2+ via NMDAR stimulation leads to reduced spine motility (Brunig et al., 2004) , and conversely, others have pointed to a link between reduced NMDAR activity and increased spine motility (Fischer et al., 2000; Burrone et al., 2002; Star et al., 2002; Ackermann and Matus, 2003) . Together, we hypothesize that decreased levels of NMDAR-mediated synaptic activity may be the trigger that initiates cytoskeletal changes. In the case of the current study, this reorganization may facilitate or be required for trafficking of NMDARs.
Since AMPA-to-NMDA receptor ratio is maintained well following LTP in cortical synapses (Watt et al., 2000) , the mechanism regulating NMDAR trafficking may overlap with that for trafficking of AMPA receptors that occur during the late phase of LTP. Matsuzaki's (2004) group and others (Toni et al., 2001; Okamoto et al., 2004) have repeatedly shown that LTP induction increases spine size and F-actin content. This cytoskeletal plasticity seems to be crucial in trafficking of AMPA receptors for the maintenance LTP (Fukazawa et al., 2003) . Perhaps accelerated polymerization of actin is required whenever there is an increased targeting of receptors into spine heads, regardless of how receptor trafficking is triggered (by LTP or by smaller changes associated with homeostasis). However, molecular mechanisms that initiate cytoskeletal reorganization are not well understood and await further research. Electron micrographs show phalloidin-labeling of F-actin in presynaptic axon terminals and postsynaptic spines of L-APV-and D-APV-treated tissues. The micrographs in these figures were derived from tissues of a paraformaldehyde-fixed animal, sampled strictly along the tissue-Epon interface (asterisks on the Epon-side). Arrowheads, indicating synapses, reside in the presynaptic terminals and point to PSDs. White arrowheads point to unlabeled synapses. Black arrowheads point to labeled synapses; i.e. those with one or more SIG particles in preand/or postsynaptic terminals. Post, postsynaptic spine; Pre, presynaptic axon terminal. Scale bar=200 nm. (A) Cytochemical control tissue from D-APV-treated hemisphere, incubated in a buffer lacking biotinylated phalloidin but containing gold-conjugated anti-biotin antibody. There was very little SIG labeling; none of them were found at synapses. (B) Pharmacological control, L-APV-treated tissue. Phalloidin labels were found in dendritic shafts, spines and axon terminals. Those found in dendritic spines were tallied as "postsynaptic labels," while those of the axon terminals were tallied as "presynaptic labels." In this example, two out of three synapses within this field show no detectable phalloidin-binding sites. (C) D-APV-treated tissue. More synapses were labeled with SIG particles and each labeled synapse contained more particles, compared with the L-APV-treated tissue. The number of SIG particles labeling F-actin in the synaptic subcellular domains is greater in the D-APV-treated tissues. Top two graphs (A and B) represent the average number of SIG particles found within presynaptic profile, postsynaptic profile and across both micro-domains of each synapse ("All"). Data in graph A were taken from tissues of animals perfused with 4% paraformaldehyde-1% glutaraldehyde mixture (n=3). Data in graph B were from paraformaldehyde-fixed animals (n=4). Error bars show the standard error of means across synapses. Lighter-colored bars are data from L-APV-treated tissues from each animal, and darker-shaded bars are those from D-APV-treated tissues. The total number of synapses examined for both tissues is shown in parentheses next to the legend. Statistical analysis comparing L-and D-APV-treated tissues was performed for each micro-domain of each animal separately, using the non-parametric Mann-Whitney U test. Single asterisk indicates P<0.001. Panel C combines the data from both groups of data, by averaging the percent change from L-APV from all of the glutaraldehyde-and paraformaldehyde-fixed animals examined (n=7). Single-sample t-test was used to determine whether the changes were significantly different from zero; single star denotes P<0.005.
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Fig. 4.
D-APV treatment induces significant increases in drebrin A-labeled spines. All micrographs were taken from a representative animal. As with phalloidin-labeled tissues, pictures were taken along the tissue-Epon interface. All arrows indicating synapses are in presynaptic terminals, pointing at PSDs. White arrowheads point to unlabeled synapses; black arrows to lightly-labeled synapses; and black arrowheads to intensely-labeled synapses. Drebrin A labeling, when present, was always found within the postsynaptic profile and was never found presynaptically. Schematic drawing of how spine widths were measured on electron micrographs taken from glutaraldehyde-and osmium-fixed, drebrin immuno-labeled tissue. All spines encountered, whether or not drebrin A-labeled, were included in the sample. A line parallel to the PSD and postsynaptic membrane was drawn at the widest part of the spine head (arrow). Then length of this line was measured in nanometers. Additionally, the length of the PSD was measured by following any curvatures that were present along the synaptic cleft. (B, C) Normalized frequency distributions of spine widths and PSD lengths, respectively, binned by 50 nm. The numbers in parentheses in the legend represent the N for each group. There were no statistical differences in frequency distributions from the L-and D-APV tissues.
